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The circadian clock is an endogenous timer that oscillates with a period of
approximately 24 hours and is reset upon environmental time cues such as the daily light/
dark or temperature cycles. Chlamydomonas reinhardtii is an ideal model organism for
research on the circadian clock, because it shows several well-characterized behaviors
that exhibit a circadian rhythm. Its circadian rhythm of phototaxis (swimming toward
light) has been automated. Former action spectrum studies using the circadian phototaxis
rhythm as an indicator surprisingly found that pulses of blue light were not effective in
resetting the circadian clock of dark-adapted cells. This may have been because of the
particular strain used in the study (the cell wall-deficient strain CW15). It may also have
been due to the additional phase shift caused by the act of placing the cultures into the
monitoring machine at particular times during their circadian cycle. This additional phase
shift was most likely the result of the white background light present when monitoring
the rhythm of phototaxis. The phototaxis monitoring process was improved by using
narrow-wavelength LEDs specific for phototaxis as test lights and by omitting the
background light between test light cycles. This study demonstrates that the
modifications prevent any phase shifts due to the cultures being placed into the
monitoring machine. Using a further improved experimental set-up and the wild-type

viii

strain CC124, this study unambiguously shows that blue light of 440nm is effective in
resetting the circadian clock in Chlamydomonas reinhardtii. Because of this difference in
blue light response to the earlier study, the action spectrum of the entire visible light
range was also evaluated. Effective wavelengths for resetting the circadian clock in wildtype C. reinhardtii were found to occur at 400nm, 440nm, 540nm, and 640-660nm,
corresponding to near UV-A, blue, green, and red light, respectively. With the exception
of 440nm, these findings are congruent with previous action spectrum studies for the cell
wall-deficient strain CW15.
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CHAPTER I
Introduction

Circadian rhythms are biological rhythms with a period of approximately 24
hours observed in nearly all organisms, from cyanobacteria to humans (Nakajima et al.,
2005; Dunlap et al., 2004). These rhythms are necessary to allow organisms to anticipate
and prepare for environmental changes such as day and night cycles. In plants, these
essential rhythms allow for the accumulation of photosynthetic machinery before
daybreak in order to obtain the maximal amount of energy from sunlight (Tiaz and
Zeiger, 2006). In animals, circadian rhythms dictate sleeping and feeding patterns and
can affect hormone levels, brain wave activity and a myriad of other biological processes
(Nakagawa and Okumura, 2010). Insects, such as the adult fruit fly, emerge from the
larval state at dawn in response to circadian rhythms thereby increasing their chance of
survival, as it is diminished if they eclose at night (Pittindrigh, 1954).
There are three distinct components of the circadian clock: the central pacemaker,
the input pathway, and the output pathway. The central pacemaker is an endogenous
timekeeper composed of an intricate biochemical system of interlocking negative
feedback loops (Devlin, 2002). It oscillates with a period of approximately 24 hours in
the absence of external cues, meaning that it is “free-running” when in total darkness or
in constant light under constant temperature conditions (Tiaz and Zeiger, 2006).
However, it must also have a mechanism by which to adjust and be set to the correct
time. The input pathway is responsible for the entrainment of the central pacemaker by
responding to Zeitgebers (time givers), which are the environmental cues that
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synchronize the circadian clock (Devlin, 2002). The most critical Zeitgebers are changes
in light and temperature that occur at dawn and dusk (Tiaz and Zeiger, 2006). The output
pathway mediates rhythmic metabolic activities and cellular responses that enable an
organism to synchronize its many daily physiological and metabolic activities through
gene expression. This pathway also gates the sensitivity of the input pathway through
negative feedback mechanisms (Devlin, 2002).
The unicellular green alga Chlamydomonas reinhardtii is a model organism often
used to study circadian rhythms and the evolution of circadian clock components (Mittag
and Wagner, 2003). Comparative phylogenomic analyses reveal that this alga contains
genes found in both plants and animals, which makes this organism of particular
evolutionary interest (Merchant et al., 2007). It is ideal because of its many wellcharacterized behavioral, physiological, and metabolic processes that are subject to
circadian control. Circadian behaviors such as chemotaxis, cell division, UV sensitivity,
and phototaxis make it possible to study circadian rhythms in C. reinhardtii in vivo
(Mittag et al., 2005). Circadian rhythms play a role in motility (Bruce, 1960), sexual
reproduction (Huang and Beck, 2003), and chloroplast biogenesis (Harris, 2001). Several
chloroplast and nuclear-encoded genes are expressed in response to circadian regulation
(Jacobshagen et al., 2001). In addition, many genetic and molecular techniques for this
organism have been developed. The complete sequence of its nuclear, chloroplast, and
mitochondrial genomes are available as well as over 200,000 expressed sequence tags
(ESTs) (http://www.chlamy.org/). The availability of many mutant strains also make C.
reinhardtii optimal for detailed genetic and molecular investigations (Mittag et al., 2005).
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Phototaxis, the movement of an organism with respect to the direction of a light
source, was one of the first circadian rhythms to be discovered in C. reinhardtii (Bruce,
1970). This rhythm enables the alga to “swim” to a position of optimal light absorption
during the day. For this reason, phototaxis occurs maximally during the day phase and
decreases during the night phase. The rhythm is crucial for the alga to optimally use light
as an energy source for photosynthesis

When measured quantitatively, this rhythmicity

can be fit to a cosine wave that exhibits a particular phase and period (Gaskill et al.,
2010). Upon environmental time cues, the rhythm’s phase can change to earlier or later
times as if it is moved like the hands of a clock. This phase resetting is crucial for the
adaptability of C. reinhardtii (Devlin, 2002). According to the discrete model of
circadian clock entrainment, most organisms undergo a slight resetting of their circadian
oscillator at each dawn and dusk (Johnson et al., 2003). Entrainment, or phase resetting
of the circadian clock, is the way in which plants adjust to daily light and temperature
cycles. Because the oscillator responds differently at different phases of its circadian
cycle, this entrainment can be emulated in the laboratory with brief light pulses (Johnson
et al., 2003). Light pulses given during the subjective day result in little to no effect on
the phase of the circadian oscillator in a synchronized organism that is “free running.”
This part of the response is referred to as the “dead zone” (Johnson et al., 2003). Light
pulses given during the first half of the subjective night result in a phase delay (like a
backward movement of the hands of a clock). Those given during the latter half of the
night result in a phase advance (or forward movement of the hands of a clock), when
compared to the phase of a control, which has not received a light pulse (Johnson et al.,
2003; Gaskill et al., 2010). A phase response curve (PRC) is a graph that plots the time
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in which a light pulse is given against the amount of phase shift exhibited by an
organism. It can determine the time of subjective night in which to give a light pulse that
results in a maximal phase advance or delay of the circadian oscillator. It is important to
note that the intensity of light can greatly affect the PRC (Gaskill et al., 2010; Johnson et
al., 2003; Kondo et al., 1991). A phase response curve to white light has previously
been resolved using experimental conditions similar to those employed in this study
(Figure 1) (Gaskill et al., 2010). Based on this PRC, the optimal time for a pulse resulting
in a reliable maximal phase delay is seven hours into the dark phase of a 12 hour light/ 12
hour dark cycle.
Photoreceptors are sensory proteins that respond to the wavelength and intensity
of a light source. Daily light/ dark cycles that reset the circadian clock require
photoreceptors capable of absorbing light at specific wavelengths (Dunlap et al., 2004).
They consist of pigments responsible for absorbing light as well as apoproteins,
responsible for activating a signal transduction chain that elicits a particular response
such as gene transcription (Johnson et al., 2003; Tiaz and Zeiger, 2006). Photoreceptors
responsible for the phase resetting of the circadian clock are well characterized in many
organisms (Blau et al., 2007, Fankhauser and Steiger, 2002).
Measuring the action spectrum is one approach by which to characterize the
photoentrainment of circadian rhythms or any other light- induced response (Dunlap et
al., 2004; Kondo et al., 1991). An action spectrum plots the extent of physiological
responses to light, in this case the phase shift of a circadian rhythm, against wavelengths
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Figure 1. Phase response curve for white light pulses. Cultures received white light
pulses at the indicated times (Gaskill et al., 2010). Afterwards, their circadian rhythms of
phototaxis were monitored and the phase of the rhythms expressed with respect to control
cultures that did not receive a light pulse. The optimal time point to elicit a maximal
phase shift was determined to be seven hours into the dark cycle (figure adapted from
Gaskill et al., 2010).
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of the visible spectrum of light. By comparing the absorption spectrum of a particular
chromophore of a photoreceptor to the action spectrum of an organism, it may be
possible to infer which chromophore absorbs the photons responsible for a physiological
response (Horspool and Lenci, 2004). Therefore, action spectrum studies may give
insight into candidate photoreceptors responsible for the photoentraiment of the circadian
clock (Johnson et al., 2003). This method has already given insight into the
photoreceptors involved in photoentrainment of Neurospora (Sargent and Briggs, 1967),
Drosophila (Klemm and Nineman, 1976, VanVinkle-Chavez and Van Gelder, 2007),
Arabidopsis (Steinitz et al., 1984), and other organisms (Johnson et al., 2003).
Researchers have revealed three types of photoreceptors in C. reinhardtii. These
include a family of rhodopsins, a single phototropin, and two cryptochromes. It is likely
that there are additional photoreceptors that have not been identified in C. reinhardtii,
because the alga also shows responses to wavelengths not absorbed by the
photoreceptors described. The particular photoreceptor responsible for photoentrainment
of the C. reinhardtii clock is presently unknown.
Cryptochromes are flavoproteins with two chromophores (FAD and pterin) that
absorb blue and ultraviolet-A light. They share sequence similarity with DNA
photolyases, which are DNA repair proteins that use blue light to isomerize pyrimidine
dimers (Tiaz and Zeiger, 2006). A single cryptochome photoreceptor mediates light
entrainment of the clock in Drosophila (Emery et al., 1998; Stanewsky et al., 1998)
whereas two cryptochromes perform this function in Arabidopsis (Somers et al., 1998).
The Arabidopsis cryptochromes have been shown to work in concert with the
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phytochrome photoreceptors to shift the circadian clock, perhaps in part as intermediates
in phytochrome signaling (Devlin and Kay, 2000).
Phototropin, another type of photoreceptor present in C. reinhardtii, is unique to
plants and algae. This photoreceptor absorbs blue and UV-A light and is characterized by
its FMN (flavin mononucleotide) binding domain and LOV (light, oxygen, voltage
sensing) domain (Tiaz and Zeiger, 2006). It is localized in the flagella and the plasma
membrane of C. reinhardtii (Huang et al., 2004) and has been shown to play a role in the
sexual life cycle (Huang and Beck, 2003). Most notably, in higher plants phototropin is
responsible for phototropism, the ability to bend toward a light source to maximize light
capture for photosynthesis (Tiaz and Zeiger, 2006). The two phototropins in Arabidopsis
are most likely not involved in the input pathway of the circadian clock (Devlin, 2002).
Rhodopsins are blue-green absorbing photoreceptors located in the vertebrate
retina as well as in the eyespot of C. reinhardtii. The eyespot apparatus detects and
responds to light direction and intensity. Rhodopsin A (CSRA) absorbs maximally at
510nm and saturates under high light conditions. Rhodopsin B (CSRB) absorbs
maximally at 470nm and saturates under low light conditions. CSRA and CSRB work in
concert to control phototactic and photophobic responses. Photoexcitation of these
rhodopsins leads to transmembrane Ca2+ fluxes in the flagella resulting in changes in the
direction of movement (Sineshchekov et al., 2002). Another rhodopsin,
chlamyrhodopsin, represents the most abundant rhodopsin protein found in the eyespot of
C. reinhardtii. It was shown not to be involved in phototactic and photophobic responses
(Fuhrmann et al., 2001) and its function is presently unknown.
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Previous efforts have been made to identify the photoreceptors in C. reinhardtii
that mediate entrainment of the circadian clock. Kondo et al. (1991) constructed an
action spectrum based on the circadian rhythm of phototaxis of a cell-walless strain of C.
reinhardtii, CW15. The results of this study indicated that red light (660nm) and green
light (520nm) are the effective wavelengths in dark- adapted cells (Kondo et al., 1991).
However, a specific photoreceptor that absorbs at 660nm has yet to be identified in C.
reinhardtii. Known red light photoreceptors called phytochromes absorb maximally at
660nm and reverse near infrared (730nm) (Smith, 1982). They were shown to be
involved in the resetting of the circadian clock in Arabidopsis. Although red light of
660nm was found to reset the circadian clock in C. reinhardtii, phytochrome’s
characteristic far-red reversibility of the response at 730nm was shown not to occur
(Kondo et al., 1991). In addition, sequence similarity searches of the genome have failed
to identify a phytochrome homolog in C. reinhardtii (Mittag et al., 2005). Remarkably,
the action spectrum did not show a phase shift upon pulses of blue light (Kondo et al.,
1991). However, there is preliminary unpublished evidence that indicates blue light
might be effective in the entrainment of wild-type cells (Johnson, personal
communication).
The purpose of this study was to test whether blue light can reset the circadian
clock in C. reinhardtii when using a wild type strain and improving upon Kondo’s
original experimental design (Kondo et al., 1991). Because blue light was indeed found
to have an effect upon the entrainment of the circadian clock, the study was extended to
reevaluate the entire action spectrum.
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CHAPTER II
Materials and Methods

Chlamydomonas strains and growth conditions
This study utilized the Chlamydomonas reinhardtii wild type strain CC124, which
was obtained from Christoph Beck (Albert-Ludwig University, Freiburg, Germany), but
is also available from the Chlamydomonas Center core culture collection at
http://www.chlamy.org/strains.html. Axenic stock cultures were maintained on slants
comprised of a YA agar medium (Harris, 1989). Starter cultures were inoculated from
slants into a liquid 0.3 HSM minimal medium and grown photoautotrophically. The cells
were grown on an orbital shaker at 150 rpm in 125 ml Erlenmeyer flasks with 50 ml
medium. The conditions in the room were maintained at 20C under a 12 hour light/ 12
hour dark cycle with a light intensity of 50 mol photon m-2 sec-1 .
Experiments were conducted using cultures from 1L bottles of 0.3 HSM
inoculated from starter cultures at a concentration of 104 cells/ml. The bottles were
aerated using an aquarium pump and grown in two separate temperature-controlled
incubators at 20C. In order to manipulate cultures in their dark phase during the
workday, the incubators were set on 12 hour light/ 12 hour dark cycles with a phase
opposite of that in the culture room. GE plant and aquarium wide spectrum fluorescent
bulbs provided illumination inside the incubator with a total intensity of 90 mol photons
m-2 sec-1 in incubator #1 and a total intensity of 70 mol photons m-2 sec-1 in incubator #2.
At least 4 light/dark cycles were used to entrain the cultures, but in most cases, they were
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grown for 5-6 cycles under these conditions before being used in experiments. Cell
concentrations were determined using a hemacytometer (Harris, 1989).

Application of light pulses
Light pulses were administered using a 150W solar simulator (Spectra-Physics,
Stratford), which distributed light to cultures in graded intensities (Figure 2). During a
light pulse, the collimated light beam passes through a dichroic cold mirror (Newport
Corporation, Irvine), which transmits UV and infrared wavelengths while reflecting those
in the visible range (400nm- 700nm) onto the cultures.

Narrow bandpass interference

filters were inserted after the cold mirror to allow for illumination with particular
individual wavelengths from 400nm to 700nm in 20 nm increments (Newport, Irvine).
These filters show full bandpass width of 10 nm at half- maximum transmittance and
minimum peak transmittance between 35 and 50%. Neutral density filters were inserted
to reduce the overall light intensity. A 2.0 neutral density filter was used for all
wavelengths except 400 nm, in which case a 1.0 neutral density filter was used to bring
the light intensity into range with those transmitted by other wavelengths. The light beam
then passed through a series of seven beamsplitters, which were designed so that each
reflected approximately 70% of the light beam onto a culture, while transmitting 30% to
the next beamsplitter. To achieve evenness of light distribution, the light beam passed a
30 diffuser just before reaching the culture (Gaskill, 2008).
Cultures were grown in the incubator until they reached late log phase of about 1
X 106 cells/ml. Just before the beginning of the dark cycle, 3 ml culture aliquots were
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Figure 2. Light pulse apparatus. A cold mirror reflects the visible portion of a
collimated light beam from a solar simulator into a series of beamsplitters. Visible light
reflected by the cold mirror may pass through extra inserted narrow bandpass interference
filters and neutral density filters before reaching the first beamsplitter (not depicted in
image). Seventy percent of the light transmitted to each successive beamsplitter is
reflected onto a culture through a 30diffuser. Thus the light intensity should decrease by
approximately a factor of 3.33 for each successive culture. (Figure taken from Gaskill,
2008.)
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transferred into 35 mm petri dishes (Corning, catalog # 08-772-30) under sterile
conditions. Dishes were wrapped with parafilm around the sides to prevent liquid from
spilling during manipulations. Exactly at the beginning of the dark phase, cultures were
placed into a dark box. Because manipulations of cultures from then on had to be
executed in total darkness, it was crucial to develop a system to organize the cultures
receiving different treatments. Sets of cultures (grouped by intended treatments) were
placed into individual plastic cups to make them easier to handle in darkness. They were
covered with x-ray film pouches to provide additional protection from light. Cups
containing the cultures were placed in the dark box in different corners depending upon
their intended treatment.
Under dark conditions, fifteen minutes before the light pulse, the designated cup
containing the seven aliquots for a single light pulse treatment were removed from the
dark box and placed in an extra enclosure covered by a light-obstructing curtain. The
solar simulator was then turned on for the lamp to warm-up for 15 minutes as
recommended by the manufacturer. Experimental cultures were placed into the slots of
the light pulse device and a manual shutter was opened to expose them to a light pulse of
exactly 15 minutes, unless otherwise noted. After application of the light pulse, the petri
dishes containing the culture aliquots were placed back into the cup in their proper order.
The culture exposed to the highest light intensity was placed on the bottom and the one
with the least amount of light intensity on the top. They were then covered again with xray pouches and placed back into the dark box. Control cultures were also placed into
cups and pouches, but they remained in the dark box during the time of the light pulse.
Between 22.5 and 23.5 hours after the initial placement of control and experimental
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cultures into the dark box, both sets of cultures were placed into the phototaxis machine.
All of the manipulations after the initial placement of cultures into the dark box were
carried out in complete darkness. In order to ensure that the handling of the cultures when
placing them into the light pulse apparatus did not produce a phase shift in itself, an
additional experiment was conducted. During this experiment, the light pulse apparatus
was started and allowed to warm-up as before. Cultures were treated as though they were
receiving a light pulse of 440nm, but the manual shutter was not opened. They were
compared with respect to control cultures kept in the dark box during this time.

Definition of units used in circadian clock research
The time at which light pulses are given is often expressed in “LD units”, which
represents the time during a 12 hour light/12 hour dark cycle at which the pulse was
administered. “LD 0” is the beginning of the light portion of the 12-hour light / 12-hour
dark cycle and “LD 12” the start of the dark portion . However, when an organism is in a
free running state, absent of environmental cues, the time of a light pulse or any other
event is expressed in “CT units” or circadian time units. Since circadian rhythms are not
exact 24-hour rhythms, the period is divided into 24 CT units rather than expressed in
absolute hours. Therefore, the beginning of subjective day in a free running organism is
denoted as “CT0” and the beginning of subjective night as “CT12”. In this study, phase
shifts are expressed in “CT units”.
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Light Intensity Measurements
The LI- 250 light meter that utilizes a LI-190SA quantum sensor (LI-COR,
Lincoln) was used to measure the number of photons that were delivered to the cultures
from the light pulse apparatus. Because the light meter probe was too large to fit into the
small slots designed for the petri dishes, it was inserted into a small hole bored into the
base of the slots. Because the sensitivity of the quantum sensor was limited, it was
necessary to extrapolate on some of the lower light intensities. Light intensities could be
directly measured for white light with or without neutral density filters. They could also
be directly measured in the first five slots for light that had passed through a narrow
wavelength bandpass filter but no neutral density filter and for some of the higher light
intensity slots with 1.0 and 2.0 neutral density filters in place (Table 2 in appendix). The
single wavelength data were then modeled to predict the lesser light intensities that could
not be directly determined with the light meter. Before they were used in the light pulse
apparatus, the neutral density filters were characterized using a Shimadzu UV mini 1240
UV-VIS spectrophotometer (catalog # 20-624-00092).
Light intensities that were measured in the light pulse apparatus using white light
either without a neutral density filter, with a 1.0 neutral density filter or with a 2.0 neutral
density filter were shown to give a linear response when the logarithm of the intensity
was plotted against the slot number (Figure 17 in appendix) or the neutral density filters
(Figure 18 in appendix). Intensities of light after passing through narrow bandpass
interference filters were determined to also give such a linear response except for values
below 0.02 mol photon m-2 sec- 1 (Figure 3). Therefore, these low values were not
considered as they were determined to fall below the light meter’s linear sensitivity.
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Figure 3. Light intensities measured in the light pulse apparatus with narrow
bandpass interference filters in place. Light intensities were graphically determined to
give a linear response when plotted logarithmically against the slots in the light pulse
apparatus until intensities dropped below 0.02 mol photons m-2 sec-1 . Each data point in
the graph represents the mean of three independent measurements.
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A model was created that accounted for the decrease due to neutral density filters and due
to slot positions. Because the decrease is linear across slots and across neutral density
filters, it was possible to determine low light intensities using a linear model. This gave
the coefficients specific for each wavelength. Therefore, light transmitted through the
light pulse device with narrow bandpass interference filters in place was modeled using
as a best-fit linear equation in Mathematica:

Log [Intensity] = a * slot + b * ndf + c
Where:


Ndf is the number of the filter used: 0, 1, 2.



Slot is the position in the light pulse apparatus: 1-7.



a is the slope determined by the reduction of intensity between slots



b is the slope determined by the reduction of intensity by neutral density
filters



c is the y intercept

Since the intensity decreases between slots and between the neutral density filters
in a constant manner, the slots and the neutral density filters were assigned integer
numbers. The slope of decrease in intensities as they pass through the filters and
beamsplitters are reflected in the coefficients a and b. Each parameter of the model was
determined to contribute significantly to the model by ANOVA ( = 0.05). The modeled
values were then scaled to correct for measurement characteristics of the light meter at
each wavelength, which was provided when the light meter was last calibrated by Li16

COR. These values were originally given in radiometric units (A/W/m2 ). Radiometric
units were converted to mol photons m-2 s-1 by calculating the number of photons that
make up 1 W at the specified wavelength using Planck’s constant, the speed of light
and the energy of a single photon (Table 4 in appendix). Extrapolated values were
scaled to the light response at 650nm, because at this wavelength the light meter
measurements reflect the ideal quantum response (Figure 20 in appendix).

Measurement of Phototaxis Rhythm
Automated monitoring of the circadian rhythm of phototaxis was performed as
described (Gaskill, et al. 2010). Briefly, the automated machine delivered a narrow and
dim LED test beam through the center of each individual culture dish to elicit phototaxis.
The beam came on for 15 minutes once every hour. The amount of light was detected by
a photosensor after passing through the culture. Since positive phototaxis results in the
accumulation of cells in the test beam, the amount of light detected by the sensor is
decreased as the culture undergoes phototaxis. This results in a time-based data set
resembling a cosine wave where minimal light transmittance is representative of maximal
phototactic activity (see Figure 4 for an example). The algorithm used to analyze the data
with respect to the rhythm’s period and phase has been described (Gaskill et al., 2010).
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Figure 4. Example of a rhythm measured by the phototaxis machine. The
troughs represent times of maximal phototactic activity. The transmittance is
low due to the cells swimming into the light beam. The peaks represent times of
minimal phototactic activity. Black lines represent data collected by the
phototaxis machine and dotted lines represent data modeled by the analysis
algorithm. The damping of the rhythm is most likely due to the lack of light
energy needed for photosynthesis.
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Minimization of Light Contamination
In order to ensure complete darkness during the experiments, additional steps
were taken to make the room, the light pulse apparatus, and the phototaxis machine
completely lightproof. The culture room where the experiments were performed was
contaminated with light coming from around the door to the hallway and from the control
panels of the instruments, which were necessary for the experiments. Previous attempts
to block light from coming in around the door using foam weather stripping and a door
sweep were only moderately successful. In addition to these measures, curtains made of
landscaping fabric with Velcro closures were constructed to cover the door of the room.
The phototaxis machine including its computer and water bath, and the light pulse
apparatus were enclosed using the same material. Another enclosure was made, which
served as a holding area for the cultures while the solar simulator lamp was warming up.
The lights that emanated from the controls of the incubators and shakers were also
covered with aluminum foil. The light tightness of the room was then tested with
photographic paper to ensure that there was no light leakage. The light tightness of the
phototaxis machine was also confirmed using photographic paper while the machine was
not in operation and the room lights were on.
Cultures were entrained in the incubators, which were adjusted to elicit 12 hour
light/ 12 hour dark cycles with the dark phase occurring during the workday. This made
the light- tightness of the incubators imperative. Incubators were made light-proof by
painting the gasket of the doors black as well as adding a hard black rubber garage door
weather-stripping kit (Cat # 96180, Lowes), which was applied around the inside of the
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incubator openings. Light obstruction was again confirmed using photographic paper in
various places in the incubator.

Calculation of phase shifting sensitivity at individual wavelengths
Since physiological light responses do not follow a linear relationship with light
intensities due to saturation at high light intensities, sigmoidal functions are often used to
model fluence-response curves (Horspool, 2004). Phase shifts were plotted against the
negative logarithm of light intensities (see Figure 5 for an example) and the following
best-fit equation was used to model the curve:

y

c
be(kx)

Where:


 phase shift
y is the extent of



c is the carrying capacity at which light intensity is at saturation, which is
set to -4.



b is a starting value that determines the upper bound of the equation



k is the rate of response to light intensity.



x is the negative logarithm of the light intensity

An ANOVA analysis was used to determine that each parameter contributed significantly
to the model.
Light intensities required to elicit a -2 CT unit phase shift, which represents about
50% of the largest phase shift possible, were calculated from the best-fit equations by
taking the negative antilog of the x-value obtained for a y-value of -2.
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Phase Shift [CT Units]

-Log10 [Intensity]
Figure 5. Example of best-fit model for phase shift data. Phase shifts determined with
540nm light pulses are plotted against the negative logarithm of the light intensity (purple
dots) and a best-fit curve to the data is calculated (blue line). The equation used for the
sigmoidal best-fit curve is described in the text.
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Statistical Analysis
Statistical analysis was performed by ANOVA and Chi squared analysis. This
was accomplished by using the Mathematica program.
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CHAPTER III
Results

This study was designed to determine whether blue light resets the circadian clock
in wild-type Chlamydomonas reinhardtii. The original study demonstrating a lack of
response to blue light (Kondo et al., 1991) used the cell walless mutant CW 15. The first
goal of this study was to optimize conditions for the wild type strain CC124.

No phase shift when cultures are placed into phototaxis machine
Previous experiments had demonstrated that wild type CC124 can sustain a robust
rhythm of phototaxis for four or more cycles even without any background illumination
between test light cycles (Gaskill, 2008). This is in contrast to earlier studies with the
cell-walless mutant CW15, which required background illumination for prolonged
rhythms and which therefore also showed phase shifts upon placement into the phototaxis
machine, if it occurred at certain times during the circadian cycle (Kondo et al, 1991). To
test the effect of placing the cultures into the phototaxis machine on period and phase of
their rhythm, cultures were put into the machine during the 12-hour dark portion of the
12-hour light/ 12-hour dark cycle at one-hour intervals. Phase and period were analyzed
and expressed with respect to the average of each parameter over all samples of an
experiment. Three independent experiments were performed with triplicate samples in
each experiment. As shown in Figure 6, phase and period were nearly the same for all
time points. ANOVA analysis showed no significant difference between the different
time points in either period or phase.
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Change in rhythm parameter [h or CT Units]

Phase

Period

Time of placement into machine during dark phase [h]

Figure 6: Effect of placement into the phototaxis machine on period and phase of
rhythm. After at least four 12 hour light/ 12 hour dark cycles, cultures in their late log
phase were aliquoted into petri dishes at the end of the light phase, put into a dark box,
and placed into the machine at the indicated times. Period (blue) and phase (red) in the
graph are expressed with respect to the mean of the parameter over all samples of an
experiment. Each data point in the graph represents the mean of three independent
experiments with triplicates for each. Bars indicate the standard deviations derived from
all nine measurements for each time point. Analysis of variance revealed no statistically
significant difference in phase or period between any of the time points.
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Characterization of Neutral Density Filters
The amount of light transmitted through the neutral density filters was measured
by a spectrophotometer that scans across the visible spectrum (Figure 7). The 1.0 neutral
density filter decreases the amount of light transmitted to between 11.8% and 12.2%
transmittance depending on the wavelength. The 2.0 neutral density filter decreased the
amount of light to between 0.9% and 1.1% transmittance. Overall, the decrease in light
transmission by both filters was even across the visible wavelength spectrum.

Validity of Light Intensity Calculations
In order to test the validity of the light intensity extrapolations based on the
modeling, some of the measured light intensity values were compared with modeled
intensity values (Table 1). Slots one and two in the light pulse apparatus were the slots
that could most reliably be measured by the light meter with wavelength filters in place.
Chi squared analysis and ANOVA determined that there was no significant difference
between modeled light intensities (expected) and measured light intensities (observed).
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Figure 7. Characterization of the 1.0 and 2.0 neutral density filters. The 1.0 neutral
density filter (above) reduces the transmitted light intensity to 11.8% - 12.2% of the
original amount over the entire 400nm to 700nm wavelength spectrum. The 2.0 neutral
density filter (below) reduces the transmitted intensity to 0.9% - 1.1% of the original
amount.
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Table1: Comparison of measured light intensities versus modeled light intensities.
Light intensities were measured in slots #1 and #2 of the light pulse apparatus with
narrow wavelength bandpass filters and compared to intensities determined by
mathematical modeling. Difference between measured light intensities and modeled light
intensities were found to show no statistical difference when analyzed by ANOVA.

Measured intensity
(umol photons m- 2 s- 1 )
Wavelength
(nm)

Modeled intensity
(umol photons m- 2 s- 1 )

Factor of
decrease

Slot 1

Slot 2

400

0.6766

0.2633

2.56

0.7058

0.2314

3.0507

420

3.2566

1.02

3.19

3.4456

0.9548

3.6088

440

4.2633

1.1966

3.56

4.1991

1.2481

3.3644

460

6.96

1.86

3.74

6.9059

1.8865

3.6607

480

6.7333

1.863

3.61

6.5954

1.9239

3.4281

500

2.9266

1.63

3.64

5.4338

1.7636

3.081

520

4.04

1.11

3.64

3.7554

1.1997

3.1304

540

3.8586

1.6333

2.36

5.4952

1.7037

3.2254

560

7.4166

2.13

3.48

7.2187

2.1834

3.3062

580

7.09

2.053

3.45

7.1443

2.0848

3.4268

600

7.9133

2.2633

3.5

7.8948

2.3206

3.4021

620

9.0066

2.6

3.46

8.8995

2.675

3.327

640

7.37

2.14

3.44

7.1927

2.1898

3.2846

660

6.88

2.0266

3.39

6.6238

2.0513

3.229

680

6.53

1.1917

3.41

6.1095

1.966

3.1076

700

2.3933

0.76

3.15

2.3002

0.7666

3.0004
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Slot 1

Slot 2

Factor of
decrease

Optimization of time of blue light pulse
Experiments were performed to determine the optimal time in which to give blue
light pulses of 440nm to achieve a maximal phase delay without eliciting a crossover into
a phase advance. Light pulses of 15-minute duration were administered at LD 17, LD 18,
LD 19, and LD 20, which corresponds to 5, 6, 7, and 8 hours into the dark period of a 12
hour light/ dark cycle, respectively (Figure 8). The optimal time in which to give light
pulses was determined to be LD 19, which is seven hours into the 12-hour dark period.

Optimization of duration and intensity of blue light pulse
The amount of light administered to the cultures was optimized using the 440nm
bandpass wavelength filter. Light pulses were administered at LD 19 as previously
described except that the duration of the light pulses varied. In the first set of
experiments, light pulses were given with no neutral density filters in place. One group of
C. reinhardtii cultures was treated for fifteen minutes, one group for ten minutes, and one
group for five minutes. All of these experiments resulted in light saturation of the
cultures, which was indicated by the lack of decrease in phase delay when pulsed with
lower light intensities (Figure 9). Additional light pulse experiments were conducted
using the 2.0 neutral density filter. One experimental group was given a 30-minute light
pulse and another was given a 15-minute light pulse. The fifteen- minute light pulse with
the neutral density filter resulted in a graded response (Figure 9, blue-green
line).Therefore, the 2.0 neutral density filter with a 15-minute light pulse was chosen as
the optimal condition for analysis of wavelength sensitivity.
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Figure 8 : Optimization of time in which to give blue light pulses Light pulses were
administered at four different time points during the dark phase of a 12 hour light/ 12
hour dark cycle and the phase shifts they caused determined. Light pulses were given for
15 minutes using the 440nm bandpass filter and no neutal density filter. Phase shifts are
expressed with respect to control cultures kept in the dark box. Blue: LD 17, red: LD 18,
green: LD 19, purple: LD 20. Those administered at LD 20 resulted in a cross over into a
phase advance. Therefore, LD 19 was chosen as the appropriate time in which to give
light pulses. Data points in the graph represent the result of a single experiment.
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Figure 9: Optimization for the duration of blue light pulses. Light pulses of 440nm
wavelength were administered at LD 19 with various durations and intensities and the
phase shifts they caused determined. Orange: 15 minute light pulse with no neutral
density filter, green: 10 minute light pulse with no neutral density filter, red: 5 minute
light pulse with no neutral density filter, purple: 30 minute light pulse with a 2.0 neutral
density filter, blue-green: 15 minute light pulse with a 2.0 neutral density filter. Data
points in the graph represent the result of a single experiment.
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Comparison between different incubators
Cultures were grown in two incubators with their 12 hour light / 12 hour dark
cycles staggered by 1 hour. This allowed for two sets of light pulses at LD 19 to be
administered in one day. In order to verify that the conditions in each incubator gave
identical phase shifting results, light pulses of the same wavelength were administered
and compared. Although this was done for a number of different wavelengths, only two
representative wavelengths are shown (Figure 10). The phase shifts obtained from
cultures in the two different incubators are very similar.

Blue light specifically resets the circadian clock .
To test whether the manipulations of the cultures rather than the blue light were
causing phase shifts, control cultures were placed into the light pulse apparatus under
identical conditions, but without opening the manual shutter to give the light pulse. As
depicted in Figure 11, the control cultures did not show shifts in their phases in contrary
to the cultures that received the blue light, suggesting that blue light is indeed effective in
resetting the circadian clock.
Significance of phase shifts was determined based on the standard error of the
mean. Therefore, phase shift values of control culture that were placed into the light pulse
apparatus with the shutter not opened were averaged. Assuming normal
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Figure 10. Comparison of phase shifts from cultures grown in two different
incubators. Cultures were grown in two different incubators (blue and red plots) with
12-hour light/ 12- hour dark cycles staggered by one hour so that light pulses could be
administered at LD19 on the same day to two culture sets. Top: light pulses of 400nm
wavelength, which resulted in large phase shifts at higher intensities. Bottom: Light
pulses of 600nm wavelength, which did not cause much of a phase shift even at high light
intensities. Each data point represents the result of a single measurement.
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Figure 11: Blue light specifically resets the circadian clock in C. reinhardtii.. Cultures
received a 15 min blue light pulse of 440nm with increasing fluence rates (blue). Control
cultures (black) were placed into the light pulse apparatus under the same conditions
except that the shutter was not opened. Phase shifts are expressed with respect to cultures
that were kept in the dark box. The data represent the average of between two and five
independent experiments. Bars indicate the standard deviations.
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distribution, a 95% confidence interval at two standard deviations from the mean would
occur at a phase shift of -1.426 CT units. A 99.9% confidence interval at three standard
deviations from the mean would occur at a phase shift of -2.0887 CT units.

Phase shifts for light pulses for various wavelengths
Phase shifts were determined upon 15-minute narrow wavelength light pulses of
graded intensities. The result is a dose response curve for the particular wavelength. The
entire visible spectrum from 400nm to 700nm was tested at 20 nm intervals (Figure 1215). In general, the further to the left in the graph a curve occurs, the greater the
sensitivity of the culture to this wavelength, because less light intensity is required to
elicit the phase shift. For example, wavelengths of 440 nm result in phase shifts at lower
light intensities than any of the other wavelength tested (Figure 12). Green light of
540nm (Figure 13), red light of 660nm-640nm (Figure 15), and near UV light of 400nm
(Figure 12) also resulted in phase shifts at relatively low light intensities, whereas light
pulses in the range of 560nm to 620nm (Figure 14) as well as 680nm and 700nm (Figure
15) show phase shifts only in response to very high light intensities.

Action spectrum for photoentrainment of the circadian clock in wild-type C. reinhardtii
An action spectrum was constructed by determining the fluence rate needed to
cause a phase delay of 2 CT units. This represents approximately 50% of the largest
phase delay possible. Relative efficiency of a wavelength is expressed as the reciprocal of
this light intensity. Plotting the graph in this way makes the wavelengths for which the
organism shows the highest sensitivity appear as peaks rather than troughs.

34

Figure 12. Dose response curves for the violet to blue portion of the visible
spectrum. Cultures were irradiated with 15 min light pulses of 400nm, 420nm, 440nm,
or 460nm. Phase shifts are expressed with respect to cultures kept in the dark box.
Experiments were performed between two and five times. Bars represent standard
deviations.
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Figure 13. Dose response curves for the blue to green portion of the visible
spectrum. Cultures were irradiated with 15 min light pulses of 480nm, 500nm, 520nm,
and 540nm. Phase shifts are expressed with respect to cultures kept in the dark box.
Experiments were performed between two and five times. Bars represent standard
deviations.
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Figure 14. Dose response curves for the green to yellow portion of the visible
spectrum. Cultures were irradiated with 15 min light pulses of 560nm, 580nm, 600nm,
and 620nm. Phase shifts are expressed with respect to cultures kept in the dark box.
Experiments were performed between two and five times. Bars represent standard
deviations.
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Figure 15. Dose response curves for the orange to red portion of the visible
spectrum. Cultures were irradiated with 15 min light pulses of 640nm, 660nm, 680nm,
and 700nm. Phase shifts are expressed with respect to cultures kept in the dark box.
Experiments were performed between two and five times. Bars represent standard
deviations.
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Figure 16 shows that cultures are particularly sensitive to blue light of 440nm,
green light of 540nm, and red light of 640nm to 660nm. It also shows a sensitivity to
light in the near UV range at 400nm.
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Figure 16. Action spectrum for photoentrainment of wild-type C. reinhardtii. The
reciprocal of the light intensity that caused a phase delay of 2 CT units was plotted
against the wavelength. The reciprocal of light intensity was normalized against the
maximal response at 440nm, which was set at 1. Light intensities were calculated from
the dose response curves in figures 12-15.
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CHAPTER IV
Discussion

This study was originally designed to determine whether blue light would be
effective in the entrainment of the circadian clock in a wild-type strain of the model
organism C. reinhardtii. When blue light was found to be effective the study was
expanded to construct a complete action spectrum.
The wild-type strain CC124 was utilized in this study. Previous research
performed by Christa Gaskill demonstrated that CC124 is able to sustain a robust
circadian rhythm in the absence of background light in the phototaxis machine for
several days when entrained by at least four 12-hour light/ 12-hour dark cycles (Gaskill et
al., 2010). The finding was crucial in establishing the foundation of this study.
A previous action spectrum published by Kondo and coworkers (1991) found no
blue light response for circadian clock resetting of the cell-walless strain of C.
reinhardtii, CW15. The finding is quite surprising, since blue light is effective in many
other organisms and since C. reinhardtii has several blue light photoreceptors. However,
there is some unpublished evidence that blue light might entrain the circadian clock of
wild-type strains (Carl Johnson, personal communication). There are two possible
explanations why a difference in response to blue light is possible. The first is the use of a
cell-walless mutant in Kondo’s study. The second is their particular experimental design.
Because their strain did not show a sustained circadian rhythm of phototaxis in the
absence of light, white background illumination was given between test light cycles. In
addition, the test beam used to elicit a phototactic response was from white light (Kondo
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et al., 1991). Depending on the time in the circadian cycle, this set-up resulted in up to
nine-hour phase shifts upon placement of the cultures into the phototaxis machine, even
in the absence of any light pulses (Kondo et al., 1991).
Experiments were performed in this study to test phase and period of cultures of
C. reinhardtii upon placing them into the phototaxis machine (Figure 6). The cultures
were placed into the machine every hour for 12 hours during the dark portion of the 12hour light/ 12- hour dark cycle, and therefore at a time when cultures are very sensitive to
entrainment by light, as demonstrated by previous phase response curves (Figure 1)
(Gaskill 2008, Kondo et al., 1991, Johnson et al., 2003). Figure 6 shows that phase and
period of the rhythm showed only slight variability between time points. ANOVA
analysis demonstrates that there are no significant differences of phase or period between
any of the time points throughout the entire 12 hour experiment. From this experiment, it
is logical to conclude that the LED, emitting a narrow and dim light beam during the test
cycle with wavelengths specific for phototaxis (Gaskill et al., 2010), has no entrainment
effect on C. reinhardtii.
Upon confirmation of this improved experimental design, the hypothesis that blue
light is effective in resetting the circadian clock of wild-type C. reinhardtii was tested.
Blue light pulse conditions were first optimized. The previously published finding with
white light (Gaskill et al., 2010) that LD19 is the optimal time in which to deliver a light
pulse was shown to be also true for blue light pulses of 440nm (Figure 8). Further
experiments determined the dose dependent response for phase shifting upon pulses of
blue light. This was accomplished by varying the duration of the light pulse and by
decreasing its fluence rate with neutral density filters. Blue light pulses of 440nm for 15
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minutes with a 2.0 neutral density filter corresponding to between 6.36 X 10-11 and 3.86
X 10-8 mol photons m-2 sec

-1

fluence rate were determined to give a graded phase shift

response (Figure 9). The parameters were therefore used to test the hypothesis. Cultures
receiving blue light pulses were compared to control cultures that did not receive a light
pulse but that were otherwise subject to the same manipulations (Figure 11). The control
cultures failed to show phase shifts upon this manipulation while the cultures that truly
received the light pulses did. It demonstrates that at least for the wild-type strain CC124
under the conditions used in this study blue light is able to entrain the circadian clock in
C. reinhardtii. Moreover, the phase of wild-type C. reinhardtii cells can be delayed by
up to 3 CT units with a fifteen minute light pulse of as little as 3.86 X10 -8 mol photons
m-2 sec -1 . ANOVA analysis demonstrated that the phase shifts of cultures pulsed with
blue light are significantly different when compared to their control cultures. It is difficult
to discern whether changes in the experimental conditions or the use of a wild-type strain
are ultimately responsible for the differences between this study and the previous action
spectrum (Kondo et al., 1991).
Since blue light was effective in entraining the circadian clock, this study was
expanded to include the entire visible light spectrum in order to determine whether wildtype CC124 showed a different response from strain CW15 for other wavelengths as
well. Dose response curves were measured for 400nm-700nm in 20nm increments. They
were used to determine the light intensity that would elicit a phase delay of exactly 2 CT
units. The reciprocal of the intensities were then plotted against wavelengths to obtain
the action spectrum. Major peaks for phase shifting of the circadian clock were found at
440nm, at 540nm, and at 640 to 660nm (Figure 16). Light of 400nm wavelength was also
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effective (Figure 16), indicating that another peak occurs in the UV light range
(<400nm), but its extent is not known. Aside from difference in the blue light response,
this study is quite similar to the findings of Kondo and coworkers (1991). They found
that the circadian clock of CW15 could be reset with light pulses of 660nm and 520nm to
540nm. They also observed a response at 400nm in the near UV range.
By comparing this newly constructed action spectrum to the absorption spectra of
known photoreceptors, it is possible to speculate, which photoreceptors might be
involved in the resetting of the circadian clock of C. reinhardtii. Only a limited number
of photoreceptors have been identified in this organism. Phototropin and cryptochrome
are among two of the three known photoreceptor types found in C. reinhardtii and both
absorb maximally in the blue and UV-A wavelength range. Rhodopsins absorb
maximally in the blue-green to green range.
Peaks at 440 nm and 400nm suggest that cryptochrome may be one of the
photoreceptors responsible for resetting the circadian clock in C. reinhardtii.
Cryptochrome has been found to reset the circadian clock in the fruit fly Drosophila
(Emery et al., 1998, Stanewsky et al., 1998) and in the plant model Arabidopsis (Somers
et al., 1998). The action spectrum for the light-dependent autodegradation of cry2, one
of the two cryptochromes present in Arabidopsis, shows a peak activity of 380 nm in
addition to the blue light response (Huong et al., 2008). Recently, it has been reported
that the green alga Ostreococcus contains a protein that can function as both DNA repair
enzyme photolyase and cryptochrome photoreceptor (Heijde et al., 2010). The protein
shows a peak absorbance at 390nm, 450nm and shoulders at 425nm and 475nm. A
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homolog of the protein is also encoded in the C. reinhardtii genome and it is possible that
it functions as cryptochrome photoreceptor in this organism as well.
Phototropin, a protein reported only in plants and algae, has been found to control
multiple steps of the sexual cycle in C. reinhardtii (Huang and Beck, 2003). Phototropin
is most notably known to control phototropism in Arabidopsis and other higher plants
(Briggs and Christie, 2002). Although phototropin is most likely not involved in the
input pathway that resets the circadian clock in Arabidopsis, it is subject to circadian
control (Briggs and Christie, 2002). The absorption spectrum of phototropin is wellcharacterized and exhibits a major peak at 450 nm, a minor peak at 470nm, and a
shoulder at 425 nm (Briggs and Christie, 2002), which is not identical to, but might
correspond with the peak at 440nm shown in this study. Interestingly, phototropin is
located in the plasma membrane of C. reinhardtii, which could account for a lack of blue
light response in the cell-walless mutant, CW15 (Kondo et al., 1991). It is possible that a
wild-type cell wall is required to properly anchor phototropin in the underlying
membrane. In conclusion, phototropin is another possible photoreceptor to mediate the
entrainment of the circadian clock by blue light in C. reinhardtii.
C. reinhardtii also contains a homolog in its genome for an additional blue-light
photoreceptor recently discovered in diatoms and the green alga Ostreococcus. (DjouaniTahri et al., 2011). This protein contains a LOV domain like phototropins but unlike
phototropins, it also has a histidine kinase domain. It represents another candidate
photoreceptor for entrainment of the circadian clock by blue light.
A rhodopsin may be responsible for the response shown at 540nm in the green
light range. There is a family of five known rhodopsin photoreceptors located in the
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eyespot of C. reinhardtii. Three more potential rhodopsins have been identified through
sequence homology searches (Kateriya et al., 2004). CSRA and CSRB are the two
rhodopsins responsible for sensing light for phototactic and photophobic responses .
CSRA absorbs maximally at 510nm, while CSRB absorbs maximally at 470 nm
(Sineshchekov et al., 2002). Chlamyrhodopsin, the most abundant rhodopsin found in the
eyespot of C. reinhardtii, has been found not to be involved in phototactic and
photophobic responses and its function is entirely unknown (Fuhrmann et al., 2001).
Findings from this study implicate a red-light photoreceptor may be involved in
the resetting of the circadian clock in C. reinhardtii. Phytochrome is a well-characterized
red light photoreceptor found in higher plants that has been demonstrated to reset the
circadian clock in Arabidopsis (Devlin and Kay, 2000). Phytochrome resets the circadian
clock at 660nm in Arabidopsis, but the hallmark of phytochrome is that when pulsed with
far-red light of 730nm, this resetting can be reversed. Due to limitations of the light pulse
apparatus, it was not possible to test for phytochrome’s hallmark far-red reversibility for
this study. However, Kondo and colleagues (1991) were unable to demonstrate the farred reversibility that is characteristic of phytochrome in their study on the cell walldeficient C. reinhardtii. Additionally, sequence homology searches have not revealed a
full- length phytochrome in the C. reinhardtii genome (Mittag et al., 2005). Instead,
based on this study, it may now be possible to identify the red light photoreceptor by
screening mutant strains of C. reinhardtii for defects in resetting the circadian clock upon
red light.
This evaluation of the action spectrum of C. reinhardtii has provided additional
insight into the effective wavelengths and potential photoreceptors capable of resetting
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the circadian clock in wild-type C. reinhardtii. But phase shifts in the red and blue range
could also be due to the absorption by chlorophyll in the photosynthesis pathway. The
action spectrum for photosynthesis shows peaks from 450nm to 480nm in the blue range
and from 650nm to 670nm in the red (Tiaz and Zeiger, 2006). Although phototsynthesis
usually has an effect at greater fluences than were used in this study, experiments
measuring phase shifts in the presence of DCMU, an inhibitor of photosynthetic electron
transport, should be able to determine whether photosynthesis is involved.
Upon establishing the action spectrum investigations into the photoreceptors that
reset the circadian clock in C. reinhardtii can be the next step. Because this study has
demonstrated that blue light is effective, it is now appropriate to investigate
cryptochrome and phototropin as a possible input pathway photoreceptor through existing
RNA interference strains. This will demonstrate if cells with a reduced amount of the
photoreceptor show a reduced ability to reset the circadian clock when pulsed with blue
light.
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APPENDIX
Table 2. Measured light intensities with wavelength filters in place. Light intensities
were measured in the light pulse apparatus and are expressed in E m-2 s -1 .
Wavelength (nm)

ndf

Slot 1

Slot 2

Slot 3

Slot 4

Slot 5

400

0

0.68

0.26

0.07

400

0

0.66

0.26

0.08

400

0

0.69

0.27

0.06

420

0

3.26

1

0.26

0.07

420

0

3.25

1.04

0.27

0.07

420

0

3.26

1.02

0.25

0.07

440

0

4.26

1.17

0.36

0.11

0.04

440

0.1

0.03

0

4.25

1.23

0.37

440

0

4.28

1.19

0.35

460

0

6.95

1.83

0.5

0.14

0.04

460

0

6.96

1.89

0.51

0.13

0.04

460

0

6.97

1.86

0.49
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Figure 17. Light Intensities measured for white light (400nm-700nm) in the
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light pulse apparatus with respect to slot position. Fluence rate is plotted
logarithmically versus the slot position in the light pulse apparatus. Position 1 is the
position that received light reflected from the first beamsplitter in Figure 2 and position 7
is the last. Blue: without neutral density filter, red: with 1.0 neutral density filter, green:
with 2.0 neutral density filter. Each data point in the graph represents the mean of three
independent measurements.

Figure 18. Light Intensities measured for white light (400nm-700nm) in the

51

light pulse apparatus with respect to neutral density filters. Fluence rate is plotted
logarithmically versus the neutral density filter in the light pulse apparatus. Slot 1 is the
position that received light reflected from the first beamsplitter in Figure 2 and slot 7 is
the last.

Table 3. Measured white light intensities with and without neutral density filters.
All light intensity values are expressed in mol photons m-2 sec-1 . Each value represents
the average of three independent measurements in the light pulse apparatus. The factor
of reduction between the slots in the light pulse apparatus is also shown. It was calculated
directly from the measured intensities. *The light intensity under these conditions was
below the sensitivity of the light meter.

Slot
1

2

3

4

5

6

7

No ND
filter

305.1 87.35 25.64

8.78

3.22

1.25

0.50

Factor of
reduction

3.49

2.92

2.72

2.57

2.49

3.41
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1.0 ND
filter

35.42 10.11

2.99

1.00

0.37

0.14

0.05

3.50

3.38

2.99

2.70

2.74

3.0

0.82

0.23

0.07

0.02

*

*

3.37

3.51

3.33

3.5

*

*

Factor of
reduction
2.0 ND
filter

2.76

Factor of
reduction

Table 4. Conversion of radiometric units to units of fluence rate. Table provided by
Li-Cor.
wavelength

nm
400
420
440
460
480
500
520
540
560
580
600
620
640
660
680
700

Original
Output

uA/W/m2
0.008118
0.0212
0.02381
0.02418
0.02532
0.02563
0.02535
0.02609
0.03104
0.03227
0.0322
0.03454
0.03462
0.036
0.03864
0.01045

#photons/s

umole photons/m2/s

1W => #
photons/s

1W => umole of
photons/s

1/(hc/lambda)

(#photons/s)/1 umol

photons/s
2.011E+18
2.112E+18
2.212E+18
2.313E+18
2.413E+18
2.514E+18
2.614E+18
2.715E+18
2.815E+18
2.916E+18
3.017E+18
3.117E+18
3.218E+18
3.318E+18
3.419E+18
3.519E+18
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umol/m2/s
3.340E+00
3.506E+00
3.673E+00
3.840E+00
4.007E+00
4.174E+00
4.341E+00
4.508E+00
4.675E+00
4.842E+00
5.009E+00
5.176E+00
5.343E+00
5.510E+00
5.677E+00
5.844E+00

Calculated Output

Original
Output/umol/m2/s
uA/umol/m2
2.431E-03
6.046E-03
6.482E-03
6.296E-03
6.318E-03
6.140E-03
5.839E-03
5.787E-03
6.639E-03
6.664E-03
6.428E-03
6.673E-03
6.479E-03
6.533E-03
6.806E-03
1.788E-03

0.045
0.04

0.035
uA/W/m2

0.03
0.025
0.02

Radiomet
ric Units

0.015
0.01
0.005
0

-0.005 350

450

550

650

750

850

Wavelength

0.008

0.007
0.006

uA/umol/s/m2

0.005
Photon Units

0.004

0.003
0.002
0.001

0
-0.001

350

450

550

650

750

850

Wavelength

Figure 19. Sensitivity of the Li-COR light meter at each wavelength as determined
by the company. Units were converted from radiometric units (top) to photons m-2 s-1
(bottom). Figure provided by Li-Cor.
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Figure 20. Ideal versus actual quantum response for the Li-COR 190SA quantum
sensor. Figure taken from Li-Cor quantum sensor brochure found at:
http://www.licor.com/env/products/light/lit.jsp .
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Table 5: Modeled light intensity values used for light pulse experiment. A 1.0 neutral
density filter was used for 400nm to bring it into range with intensities transmitted by all
other wavelengths with a 2.0 neutral density filter. All measurements were corrected in
relation to the specifications of the Li-Cor light meter.
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